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The applications of Additive Manufacturing (AM) have been grown up rapidly in various industries in the past few 
decades. Among them, aerospace has been attracted more attention due to heavy investment of the principal 
aviation companies for developing the AM industrial applications. However, many studies have been going on to 
make it more versatile and safer technology and require making development in novel materials, technologies, 
process design, and cost efficiency. As a matter of fact, AM has a great potential to make a revolution in the global 
parts manufacturing and distribution while offering less complexity, lower cost, and energy consumption, and very 
highly customization. The current paper aims to review the last updates on AM technologies, material issues, post-
processes, and design aspects, particularly in the aviation industry. Moreover, the AM process is investigated 
economically including various cost models, spare part digitalization and environmental consequences. This review 
would be helpfully applied in both academia and industry as well. 
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1. INTRODUCTION 
Additive Manufacturing (AM) attracts many attentions among industrial and academic practitioners due to a 
number of possible improvements of production systems such as reducing waste materials, shorter manufacturing 
lead times, high flexibility, feasibility of complex geometry products, and shorter product development cycle [1-4]. 
The market demand for highly customized objects, together with the introduction of new business models and 
leaner supply chains, is driving the interest of AM technologies [5, 6]. 
 
According to the annual worldwide report on the progress of AM technologies, produced by Wohlers Associates, 
the global revenue from AM production and associated services grew from $2.25 billion in 2012 to more than $6 
billion in 2016 and the forecast is to reach $21 billion by 2020 [7]. This growth is also due to the advancement in 
technology and material development. In the early technology development stage of about 30 years ago, the AM 
processes were dedicated to the fabrication of models and prototypes in industrial and academic R&D 
environments. Later, AM was also used to create tooling like silicone casting molds, and during the last 10 years 
[8]. AM has been introduced for metallic end-user products. In 2012, just 28% of AM components were functional 
while in 2016 this percentage went up to almost 34% [7]. Today, AM is advancing towards becoming a “true 
manufacturing platform that can produce the form, fit, and function of a component” [9]. 
 
Aerospace is one of the industries where AM can find most likely applications, and the major players like Airbus, 
Boeing, NASA Lockheed Martin are heavily investing in the development of this technology [10-12]. Indeed, for the 
aircraft industry, one of the main drivers of improvement is the weight reduction of flying components. In the case 
of manufacturing cost reduction, it is worth noting that structural materials used in the aircraft industry must be 
highly performant - such as Titanium alloys or composite materials - and thus quite costly. An interesting 
opportunity is therefore to improve the Buy-to-fly (BTF) ratio, that is, the ratio between the mass of raw material 
needed for a given production and the final mass of the manufactured part [13-15]. Currently, by using the 
Conventional Manufacturing (CM) processes, the BTF ratio for aircraft components is in the range of 12:1 – 25:1 
and  results in very poor material efficiency [16]. 
 
Another important driver for lighter aircraft components is the operational and societal impact: fuel economies 
bring along better opportunities for airlines who can better develop their network and service offer, and for 
passengers who can fly further and cheaper. Also, as aviation generates about 9% of global greenhouse gas (GHG) 
emissions related to transport, and because the growth forecast implies tripled fuel consumptions by 2050, 
increasing fuel efficiency might help to reduce the environmental impact of aviation [16, 17]. 
 
The purpose of this study is to have a general picture of AM opportunities and costs in the commercial aviation 
industry, by evaluating the benefits of using such technologies in the supply chain and particularly for spare parts. 
The study tries to go beyond the technical and economical comparison with conventional manufacturing 
techniques and wants to widen the perspective on the multiple ways AM creates value in the global supply chain 
of commercial aviation, also evaluating the environmental impact that AM large-scale diffusion could have in the 
long term.  
 
In the following, the main AM technologies and printing methods are described in section 2. Then, section 3 briefly 
introduces the current materials which applied in the aviation industry, methods for improving and controlling the 
process and parts quality are detailed such as post-processing techniques and in-line process monitoring systems. 
After that, some advantages that could derive from the application of AM technologies in the manufacturing 
systems of aircraft components are discussed in section 4. In this section, the possible benefits in terms of design 
complexity and flexibility are shown. These are discussed in terms of performance enhancements due to design 
optimization or in terms of weight reduction. The last section, section 5, is dedicated to cost models for evaluation 
of AM technologies feasibility, either compared to conventional manufacturing techniques or among different AM 
processes. Also, the effects of AM in the supply chain and the entire product life cycle is evaluated, as well as the 
effect of design consolidation through AM on the spare parts market.  
 
 
2. AM TECHNIQUES 
AM process is able to create physical parts starting from digital input. In order to achieve the desired geometry, 
various operational parameters should be defined in the software, such as the tool paths and projection patterns, 
and they depend on the material used and equipment. This is one of the biggest advantages of AM: manufacturing 
parts with little need for specific tooling for shape definition. The first patent related to AM goes back to 1920 
when Ralph Baker filed the US Grant US1533300A with the title “Method of making decorative articles” [18]. Since 
the late 1960s and early 70s, researchers made the first patents of modern AM processes, enabled by the 
invention of computers, of resin polymers, and CNC machines, together with advancement in CAD/CAM 
development [19]. In 1989, MIT developed the groundbreaking 3D printing process. Thanks to increasing 
dedicated research studies and the industry interest for this promising technology, other AM processes were 
developed too. A new generation of cheap and powerful computers allowed the introduction of AM technologies 
for production environments just between 1980 and 2000s, as better quality 3D designing and modeling became 
more widespread. 
 
Nowadays, various AM technologies are available in the market and industry. Some of them are already used for 
production and some others are still in the development phase. Figure 1 shows AM processes based on the heat 
source utilization which categorized in three different groups including a laser beam, electron beam, and arc 
plasma. As visible in this category, there are various capabilities of the AM process which can be applied for various 
materials and applications. Accordingly, each process should be investigated separately to discover the materials 




Figure 1. The principal metal AM processes based on heat sources utilization [20] 
 
 
Also, ASTM standard [21], with its sub-committee F42 that is responsible for AM technologies, defined different 
types of AM technologies, including sheet lamination, binder jetting, material jetting, vat photopolymerization, 
material extrusion, powder bed fusion, and direct laser deposition. Figure 2 shows a schematic of all AM 




Figure 2. Additive Manufacturing process types and applications [21] 
 
Below, a generic description of some possible AM applications are listed and briefly explained, afterward more 
detail including specificities of the processes and case studies are discussed in the literature. 
 
 Prototypes 
The use of AM allows performing rapid design iterations thanks to physical tests as opposed to the common 
“virtual” simulation used to optimize designs, thus enabling agility in new product developments [22]. Most of AM 
processes are suitable for making prototypes [23], but not all of them can create functional ones: for example, 
prototypes built by Material Jetting only have aesthetic properties and are therefore used for marketing purposes. 
On the other hand, Powder Bed Fusion can create fully functional prototypes for product testing. 
 
 Casting patterns and cores 
For a low number of cast parts with high complexity, Binder Jetting can be used to create casting cores made of 
sand. Alternatively, a wax or polystyrene casting pattern can be directly produced by AM without making a tool for 
the purpose [24].  
 
 Manufacturing tools, jigs, and fixtures 
From an economic and cost perspective, these applications are good candidates for AM technologies as they are 
typically low volume productions or even one-off, and they can be very complex geometries [25]. Mostly done by 
Powder Bed Fusion processes in polymers or metals, reaching maturity for this application would allow significant 
savings in terms of production lead time and non-recurring-cost (NRC) reduction. 
 
 Manufacturing blanks 
In this work, blanks will be referred to like parts with a shape that is very close to the final component’s one, and 
where the latter can be achieved with some additional machining. The suitable technologies for this application 
are Powder Bed Fusion (PBF) and Direct Energy Deposition (DED).  
 
 Manufacturing end-user parts 
Some AM processes are capable to produce parts with the same properties of those produced with conventional 
technologies, or even higher sometimes. The geometric flexibility of processes such as PBF could allow the 
topological optimization of parts [26]. Moreover, it is possible to produce a whole assembly through the 
integration of its constituent components into a single and more complex one. In aviation, where each component 
needs to be qualified as airworthy, the integration could save huge qualifying efforts. On the other hand, the 
limited number of standards and case studies available could make it difficult to convince authorities regarding the 
reliability of the parts. 
 
 Repair of parts 
Lastly, and only by DED, it is possible to add material to repair damaged or worn metal components. Effectively, 
this could be compared to CNC welding or cladding processes but would have to be complemented by 
sophisticated metrology and design tools in order to be effective. Therefore, repair of parts using AM would only 
be feasible in planned and repeatable scenarios, and where scrapping the part would have a bigger impact in 
terms of value or spare part availability [27, 28]. 
 
2.1 POWDER BED FUSION (PBF) 
PBF process can be used either with metals or with polymers [26, 29]. Quite simplistically, and as the name 
summarizes, the process consists of raw material in the form of powder being molten onto a “bed”, wh ich is a 
substrate plate, to create the final part [30]. One advantage of PBF processes is that fabrication time does not 
depend on parts complexity, and it is controlled by the melted material volume instead. The principal elements 
that are common in all PBF processes are [31]; 
 
 Energy source: This can be a laser heat source or an electron beam and has the critical function of fusing 
powder particles together. 
 Scanning motion device: This system allows to precisely induce fusion only in determined areas according 
to the design, by controlling the movement of the heat source over the powder bed. 
 Powder feeder and roller: This is a mechanism for adding, smoothing and compressing the powder on the 
upper layer. 
 Elevator: This mechanism is necessary to lower the bed after each layer has been scanned by the heat 
source in order to allow the feeder to add another layer.  
 Enclosed chamber: The ambient properties need to be controlled, as it is fundamental for achieving 
optimal mechanical properties of the part.  
 
There are three main types of PBF processes: Selective Laser Sintering (SLS); Selective Laser Melting (SLM); and 
Electron Beam Melting (EBM). SLS process is almost identical to SLM, however, the main difference is the 
application of high-power laser in the SLM process which melts the metal powder into the solid 3D fabricated part. 
According, this review focuses only on SLM and EBM processes, which are quite commonly applied in the research 
for aerospace parts production. These two technologies will be reviewed in detail in the following paragraphs. 
 
2.1.1 Selective Laser Melting (SLM)  
Various metallic materials can be used in the SLM process and they need to be certified in their chemical 
compositions and in the grain size before the process [32, 33]. In order to achieve the satisfactory surface quality 
of the part, the grain size does not have to exceed 100 µm, and the median grain size should be preferably in the 
range of 45-63 µm [34]. The SLM machine has a closed chamber, which is flooded with an inert gas such as Argon 
in order to avoid oxidation of the particles [35]. Inside, a fabrication piston lowers the construction plate on which 
the object is being fabricated. At the same time, another piston next to the first one pushes up the powder so that 
a roller can distribute a layer evenly on top of the object. After that each layer of powder is positioned, a laser is 
generated and directed through a scanner into the chamber, and it shapes the fused layer according to the CAD 
design. The process is repeated layer after layer. Figure 3 illustrates a schematic of all steps in the printing process 






Figure 3. A schematic of the operation of powder bed machines including three repeatable steps; power 
deposition, layer printing, and piston drop [36] 
 
 
The SLM machines allow layer thickness ranging between 10-100 µm but, in order to achieve higher part resolution 
and surface quality, it is preferable to use a layer thickness of averagely 30µm. On the other hand, going for a 
larger thickness allows increasing the overall production speed, improving the process stability, and reducing costs 
[37, 38]. Once the object is complete, the excess powder that has not been molten can be sieved for reuse. Since 
the chamber is filled with powder, the geometry of the part and its orientation in the chamber needs to be studied 
and specified in order to avoid powder being trapped into cavities or in places difficult to access. Moreover, 
support structures might be required depending on the geometry and its position into the chamber. these 
structures must be used for anchoring the part to the substrate plate and minimize distortions due to the powder 
spreading [39, 40]. 
 
Some examples are shown in Fig. 4 regarding the effect of part orientation in the chamber. Support structures also 
influence the final quality of the part and the amount of post-processing required, so they need to be carefully 
taken into account too [41, 42]. A great advantage of SLM is that a batch of the same parts can be produced at the 
same time, but different parts can also be put together (if made of the same material) the limit being the volume 





Figure 4. Practical alternative orientation set for AM of a part [43] 
 
Residual stresses are quite important in the SLM process [44, 45]. They create during the SLM process when the 
laser expands the material and then it shrinks after the laser has moved. The part is therefore subject to large 
internal stresses during deposition due to material’s shrinkage during solidification. Stresses could cause the 
support structures to fail or even the part itself in extreme cases [46]. In order to avoid this, stress relief heat 
treatment needs to be done before separating the part from the substrate [47, 48]. In addition, to mitigate the 
effect of residual stresses, the chamber could be heated above the stress relieving temperature. After cleaning the 
excess powder and making the stress relief heat treatment, the support structures have to be taken apart. Firstly, 
the parts are cut from the substrate plate. Secondly, the supports are manually removed from the parts. In order 
to avoid having support structures in areas with poor access, the orientation of the parts in the chamber needs to 
be evaluated. Finally, the printed parts, if required, need to employed post processing or treatments in order to 
improve porosity, surface roughness, and generally mechanical properties of the parts. 
 
2.1.2 Electron Beam Melting (EBM)  
The EBM process is very similar to SLM, the main difference being the heat source: an electron beam is used 
instead of the laser beam [49, 50]. Rafi et al. argue that the electron beam’s capability of penetrating the powder 
is higher than that of the laser beam, allowing faster scanning compared to SLM [51]. Figure 5 schematically 
represents the EBM process in various steps. The first layer creates from the melted powders from the base of the 
product in the vacuum. All layers together can make a solid form or the support structure with a thin layer [52]. 
Also, the preheating process can take place with a set of defocused beam passes including high power and speed. 
The build table moved lower after one making one layer and the rest of powders are delivered to hoppers. After 
that, this process repeats again and again until the final object is completed [53, 54]. In order to avoid residual 
stresses in the final object, which could negatively affect the mechanical properties as already seen for SLM, the 
EBM machines optimize the process temperature so that it remains constantly high in the chamber throughout the 
entire process [55]. After the build, the parts need to undergo the same processes of SLM, that is, support 
structures removal and post-processing for improved properties. 
 
 
Figure 5. A schematic of the EBM process [53] 
 
2.1.3 SLM and EBM properties 
The two processes work in a very similar way and as explained the main operational differences are the heat 
source and the chamber temperature [56, 57]. The laser beam of SLM allows having a weld pool as narrow as 
0.3mm compared to the 1mm minimum feature size achievable with the electron beam source. This also implies a 
different surface quality. 
 
 Surface Quality 
The surface of the fabricated samples has a great influence on the mechanical properties and consequently on the 
fatigue behavior of the sample. For this reason, the additive manufactured parts must be machined for having a 
good surface quality for many applications. The parts fabricated by the SLM process have a smoother surface than 
EBM manufactured parts. It is due to higher scan speed in the EBM process compared to the SLM. This makes the 
EBM faster, then it results in a poor surface finish [34, 51, 58]. Also, the higher deposition precision of SLM comes 
at the cost of process velocity. Indeed, the deposition rate of SLM is typically 0.1 Kg/hr, whereas an EBM machine 
can double that performance [59]. According to Busachi et al., the facts that the EBM process is done in a vacuum 
atmosphere and the powder is heated help to achieve 98% density and mechanical properties comparable to 
those achieved by conventional manufacturing techniques. On the other hand, SLM shows more defects related to 
higher thermal stress [60].  
 
 Residual stress  
Both SLM and EBM processes can typically deposit layers thicknesses ranging from 20-100 µm [61]. Nevertheless, 
differences in the microstructure may arise [62]. Comparing samples produced with the two processes it was 
found that in both cases the primary solidification structure is β, but because of the different cooling rates, 
differences would arise in the transformation from β to α phase. In the SLM-made samples the final microstructure 
is complete α’ martensitic due to the high cooling rates (in the orders of     K/s), which creates important residual 
stresses in the material. On the other hand, the EBM-made sample had an alpha lamellar morphology thanks to 
the chambers controlled the temperature at about 700°C, which is well above the martensitic formation 
temperature and therefore does not need post-processing for reducing residual stresses [51]. 
 
 Tensile Properties 
Tensile strengths of samples produced with EBM and SLM processes both results acceptable for Ti64 samples as 
shown in Fig. 6 [51]. As can be seen, the Yield Stress (YS) is quite inhomogeneous and range around YS=1100-
1200MPa for SLM-fabricated Ti64 samples. Instead, EBM-fabricated samples show more stable values at around 
850-900 MPa. This difference can be explained by the strong presence of martensitic microstructures due to the 
rapid cooling in the SLM process, as opposed to the alpha lamellar microstructure derived from the EBM heated 
chamber [38].  
 
 
Figure 6. Tensile stress-strain plot for a) EBM specimen and b) SLM specimen [51] 
 
Due to the martensitic microstructure, the Rockwell hardness test results higher for SLM-produced samples too 
(SLM-HRC: 41, EBM-HRC: 33). Lastly, the strain at break results much higher for EBM-produced parts (>8% and up 
to 20%) compared to the SLM ones (>4.5%), meaning that SLM is capable of producing harder components but 
more fragile compared to EBM process [9]. It is worth noting that with both processes, YS and UTS tend to be 
about 5% higher when layers are deposited parallel to the stress direction. Therefore, particular attention needs to 
be done when orientating the parts in the chamber, according to their service design scope. 
 
 Fatigue properties 
Figure 7 shows another example for the fatigue behavior after 10 million cycles of the as-built samples of Ti64 
show a limit of 550 MPa for the SLM sample and 340 MPa for the EBM one [51]. Again, the better fatigue 
resistance of SLM-built specimen is attributable to the martensitic microstructure that reduces dislocation 
movements. Fatigue cracks can reportedly initiate from large pores, but these would not have an effect on crack 
propagation instead. Crack nucleation seems to be more frequent with lamellar microstructures, as alpha lamellae 




Figure 7. S-N curve for a) SLM and b) EBM specimens [51] 
 
Nevertheless, surface quality seems to be the main cause of fatigue crack initiation rather than internal defects 
[43]. Since Rz measures the distance between “peaks” and “valleys” of the surface, it is a good indicator of the 
impact on fatigue cracks. Indeed, cracks would likely nucleate from the “valleys” and having a large Rz value 
increases this risk. Because the surface condition is so critical to the fatigue behavior of the part, a solution would 
be to machine out the surface of the part and eliminate the rough zone prone to crack nucleation. This could then 
expose internal pores on the surface, which would be less deep of Rz so reducing the risk of crack.  
 
 
2.2 DIRECT ENERGY DEPOSITION (DED)  
Direct Energy Deposition processes have a strong advantage of high deposition rates compared to the PBF 
processes, thus they are more suitable for large components with high BTF ratios for aerospace applications: as a 
rough order of magnitude, PBF processes can achieve rates of about 0,1 Kg/h, whereas DED processes reach 
average rates of 1 Kg/h and are capable of going up to 4 Kg/h [20].  Historically, wire-fed processes have received 
less attention than powder-fed ones because of the complex geometries achievable with the latter and the 
consequent interest of the industry for this capability [65]. Nonetheless, demand for serial production parts is now 
showing that wire-fed DED processes can be good candidates for aerospace components. Overall, the main 
difference of DED processes compared to PBF is that DED generates the component by melting the powder at the 
same time it is being deposited on the substrate plate or on the previous layer [66-68]. The processes need to be 
either in a vacuum atmosphere or assisted by a shielding gas like argon [69].  Figure 8 shows a schematic of the 




Figure 8. A schematic of the DED method [70] 
 
Brandl et al. reported DED process on Ti-6Al-4V alloy and found that hardness decreases with distance from the 
top of the part, and that annealing the material does not affect this property. Regarding the static tensile 
properties, the average yield strength is in the range of 791-874 MPa, and the ultimate tensile strength at 872-940 
MPa. The elongation varies greatly between 4.1% and 12.5%. These results are comparable to the standard of Ti64 
wrought or cast material. In addition, the fatigue properties are fully acceptable with around 800MPa at one 
million cycles [71]. 
 
Here is the great differentiator that makes DED processes suitable for large components where high BTF ratios 
make conventional manufacturing extremely expensive because of the material costs. Table 1 represents some 
examples of BTF ratios achieved for various aerospace components. 
 
 
Table 1. The weight of billets, the weight of final parts, and Buy-to-Fly (BTF) ratios of aerospace components [72] 
Component Billet (kg) Finished product (kg) 
BTF ratio 
% 
Intercase 182 30 6.1 
Simple duct flange 1 67 11.1 6 
Simple duct flange 2 67 7.7 8.7 
Complex duct flange 1 149 7.7 19.4 
Complex duct flange 2 207 10.3 20.1 
Large blisk 810 97 8.4 
Wing rib 657 18 37 
 
The available DED technologies can be powder-fed or wire-fed, and they also can differ with regards to the heat 
source utilized for melting the raw material: Electron Beam Free Form Fabrication (EBFFF), also know as Electron 
Beam Additive Manufacturing (EBAM); Wire and Arc Additive Manufacturing (WAAM); and Laser Metal Deposition 
(LMD). Each DED technology has different peculiarities, advantages, and restrictions. In following, a review of the 
main DED technologies is presented. 
 
2.2.1 Electron Beam Free Form Fabrication (EBFFF) 
The EBFFF process was first developed by The Sciaky Company of Chicago in 2004, and it was then furtherly 
developed in a joint venture with Boeing in 2005 [73]. It takes advantage of the Electron Beam (EB) welding 
technology that has been used in the aerospace since the early 1960s. Indeed, EBFFF is basically a CNC-guided EB 
gun that has a wire-feeder attached to it and moves across a substrate plate in order to deposit molten material 
layer after layer. The process takes place into a vacuum environment in order to avoid contamination and is suited 
to welding reactive alloys [74, 75].  
 
The application of EB is preferred to the laser because of multiple operational advantages such as the scalability of 
the output power over a large range, and the fact that the EB can be electronically focused. These allow EBFFF 
technology to create parts with fine detail as well as high deposition rates. Other advantages are the intrinsic 
power efficiency of the process at around 90%, and the very high coupling efficiency with deposited materials 
meaning that even very reflective ones can be deposited using this technology, as opposed to laser sources which 
reflectance can range from 40% to over 95% [74, 76].  
 
The Sciaky Company did numerous tests in partnership with Boeing, with the objective of qualifying the EBFFF 
technology for commercial aviation applications. Tensile strengths, fatigue, and fracture toughness resulted above 
minimum values required. Nonetheless, it was noticed that due to the vacuum environment a loss of Aluminium 
could appear. In turn, this would reduce the tensile strength in the horizontal plane (X and Y directions) [77, 78].  
 
2.2.2 Wire + Arc Additive Manufacturing (WAAM) 
The heat source in the WAAM process is an electric arc, which can be one of the tungsten-inert-gas, metal-active-
gas, metal-inert-gas or plasma variants. This can be guided by a robotic arm up to 6-axis, allowing great production 
flexibility and, more importantly, the possibility to create large parts as there is no such limitation as for the 
chamber volume [79-81]. Indeed more robots can be combined together, within the same setup, to extend the 
work-envelope further [82]. In addition, WAAM allows deposition rates as high as 10 kg/h and material efficiency 
in the range of more than 90%, resulting in a very interesting economical business case for aerospace applications 
[83]. These benefits come at a cost: the parts produced have lower accuracy and geometrical complexity than 
powder-fed technologies, meaning that they need further heat treatments and conventional machining in order to 
achieve the desired mechanical properties. 
 
Due to the high heat generated by the arc, components manufactured by WAAM are subject to distortions and 
residual stress [56, 84, 85]. If distortions (both buckling and bending) are managed effectively during the build, 
then residual stress can be eradicated using a stress-relieving heat-treatment. In general, in line cold-work f.i. via 
high-pressure rolling helps reducing stress in such big parts, but in any case, a standard heat treatment is necessary 
for this process. 
 
2.2.3 Laser Metal Deposition (LMD) 
This technology uses similar hardware of WAAM but the heat source is a laser beam, and it can be either powder-
feed or wire-feed as shown in Fig. 9 in various nozzle configurations. By controlling the laser power output 
different deposition pool sizes can be achieved [86-88]. Nonetheless, when the peak power is too high the 
material could reach the evaporation temperature and generate craters [58]. Generally, for a given heat amount, 
the pool generated from a laser is much smaller than that created with WAAM technology as the laser heat is 
focused in a very small area [89, 90]. 
 
 
 Figure 9. LMD process with different nozzle configurations [91] 
 
Laser welding of Titanium alloys has been long used now in industrial applications such as structural components 
of aircraft [89, 92]. The welding procedures used are very similar to the ones for stainless steel and aluminum, but 
with the addition of inert gases onto the weld pool in order to avoid oxidation of the metal [93, 94]. In fact, 
Titanium has increased reactivity to with other elements in the environment at high temperatures. Gas shielding is 
therefore of crucial importance for preserving the chemical and mechanical properties of the parts [95, 96]. 
Indeed, a loss of ductility could result from the embitterment of the weld region [97]. Different types of nozzles 
have been developed and gases such as Argon or Helium can be used for the shielding, even though it has been 
demonstrated that Helium allows a deeper material penetration [98]. It is also worth mentioning that shielding 
gases can remain trapped in the material after solidification and generate porosity or cracks [99 , 100]. This 
problem does not exist when the material deposition is done in a vacuum environment, but in his case, the 
vacuum chamber dimensions would limit the manufacturable part size.  
 
Although LMD has higher dimensional accuracy than WAAM, it lacks in deposition rate and material efficiency 
[101]. LMD is, therefore, more suitable for complex parts whereby the use of powder can help to achieve the 
desired geometries [102], whereas WAAM is better suited to simple geometries where lead time and cost 
reduction are key factors [103]. The market is showing increasing interest in wire-feed processes as Ti64 serial 
productions demand increased build speed and the possibility to create larger components [104, 105]. In addition, 
it is worth noting that LMD can be successfully used for repairing high-value components such as train wheels or 
turbine blades thanks to the machine flexibility and the  resolution achieved using powder feedstock [106-108]. 
Figure 10 compares various types of metal additive manufacturing processes which applied in the aerospace 
industry. As can be seen, different factors in the manufacturing process, such as flexibility, surface finish, overall 
cost, and production volumes, are considered in this diagram. In a general view, each AM technology can be 
compared with the others and it seems WAAN technology can cover many of them.  
 
 
Figure 10. Comparison framework among different metal AM technologies used in the aerospace industry [109] 
 
 
3. MATERIAL ISSUES AND TESTING 
3.1 CURRENT MATERIALS 
Aviation components have to be made of highly performing materials and need to be reliable during operations in 
order to assure an acceptable level of safety. The Ti-6Al-4V alloy also referred to as Ti64, is extensively used in 
aerospace because of its mechanical properties such as good corrosion resistance, low density, and high strength, 
which make Ti64 the metal with highest strength-to-weight ratio [71, 84, 110, 111]. The production of Titanium 
sponge, that is the pure form of the material after extraction and processing, is particularly expensive if compared 
to other materials: by weight, steel production is about thirty times less expensive, and that of aluminum is six 
times less expensive than titanium [112]. A new report from Global Market Insights Inc. shows that around 60% of 
the worldwide demand for titanium comes from the aerospace sector, whereby the two major players Boeing and 
Airbus represent 90% of this demand through their commercial and military applications. The report also values 
the market of titanium sponge for aerospace at $1.45B in 2017 and forecasts it to grow up to $1.94B by 2024 
thanks to an average 10% yearly increase of commercial aircraft deliveries and to the increasing share of titanium 
in the new generation aircraft [113]. 
 
Moreover, the increasing use of Carbon Fiber Reinforced Polymer (CFRP) materials in aerospace is driving the 
interest in Titanium alloys [114, 115]. Indeed, Aluminum cannot be coupled with CFRPs as they form a galvanic cell 
and generate corrosion. Instead, titanium’s galvanic compatibility with the carbon fibers is about one-tenth that of 
Aluminum. New generations of aircraft models such as the Airbus A350XWB and the Boeing 787 have CFRP share 
above 50% of the total used materials [116]; hence, the Titanium share is also very high at about 14% of the total. 
Titanium is used for main structural components and high-value assemblies that require particular strength and 
corrosion resistance performances: For example, in the Airbus A350 aircraft the engine pylons, most parts of the 
landing gears, some reinforced structural frames, and a great extent of brackets are done in Titanium [117-119].  
 
It is worth highlighting the importance of the abovementioned BTF ratio for current materials in the aerospace 
industry. Since Titanium is a more expensive material than alternative metals such as stainless steel or aluminum, 
and because it is hard to machine with conventional technologies, the parts with current high BTF ratio would be 
good candidates for being produced by DED technologies. This could result in a reduction of both production lead 
times and material costs, and the impact would be even bigger when parts have a high functional value and lead-
time becomes critical for safe and ready operations. 
 
3.2 POST PROCESSES 
Stress relief needs to be done after deposition and before separating the workpiece from the substrate plate 
[104]. The support structure that is used to anchor the part on the substrate can also be subject to high thermal 
stresses and can fail. This can disrupt and destabilize the build or even induce cracks in the part. In AM processes, 
the most common cause of residual stresses in the part is thermal gradients experienced between material 
deposition and solidification [85, 120]. Residual stresses can be either on the macroscopic scale affecting 
dimension and geometry of the whole component or on the microscopic scale changing grains size [121, 122]. In 
any case, the design should take into account these misfits and avoid or control the residual stress as far as 
possible in order to prevent part failure in service. Components often have purposely induced residual stresses: for 
example, rapid cooling can induce compressive residual stress on the part surface and tensile stress in its interior, 
hence improving its mechanical strength [123-125]. Another example of purposely-induced residual stress is the 
shot peening process, which is used to induce compressive stress on the component surface [126, 127].  
 
Additive Manufacturing processes by themselves are not able today to produce parts with acceptable mechanical 
properties and surface roughness for most application requirements [128, 129]. For this reason, after the build is 
completed some post-processing task is necessary [130]. These include heat treatments for releasing the residual 
stresses deriving from the thermal stress; or treatments such as the Hot Isostatic Pressing, which helps reduce 
porosity and improve the microstructure; or processes that help to improve the surface quality. There are various 
post processes for AM fabricated parts such as heat treatment, hot isostatic pressing, cold rolling, laser polishing, 
laser shock peening which effect on surface roughness, residual stress, surface hardness, and so on. Here below 
the major post-processes adopted for AM components are briefly reviewed, reporting their working principle and 
applicability, and the effect they have on part quality. 
 
3.2.1   Heat treatment 
Generally, it is recommended by the international standards for multilayers material depositions to follow the 
production with a heat treatment in order to increase surface quality, reduce internal welding stresses, and close 
micro cracks in the components [131-133]. The stress relief heat treatment shall be under a protective 
atmosphere of inert gas or vacuum so that chemical reaction is avoided at high temperature [134]. For example, 
DIN 17869 standard provides some information for the heat treatment method to relief welding stresses of 
multilayer welded component. Also, the DIN 65083 standard suggests particular parameters for the heat 
treatment of titanium and its alloys. According to this standard, the treatment temperature should be kept at 
675°C for a 60 minutes period, after which the cooling rate is recommended at less than 2.5 °K/min in order to 
maintain the achieved microstructure [34, 135].  
 
3.2.2   Laser processing 
Laser processes is an applicable and flexible approach to improve the surface of additively manufactured products. 
During this process, the metal surface can be melted and the relocation during the liquid phase can make a 
smoother surface [136]. Ablation method is the other process using a laser that can evaporate the materials and 
the defected layer can be removed by this way from the 3D manufactured part. Overall, the laser processing of AM 
parts can improve considerably the roughness, wear resistance, microstructure, and porosity based on various 
research reports [137-139]. Cernasejus et al. applied the laser processing using Nd: YAG laser for additively 
fabricated stainless-steel parts. They investigated the effect of the laser parameters, including laser power, scan 
speed, and the number of passes, on the surface quality of AM parts. In this study, they found laser process can 
diminish the roughness of the fabricated parts up to 41% and make a significant improvement in wear resistance 
using higher laser power and slowest laser speed with 4 laser passes.  This study demonstrated the positive 
influence of laser processing for improving the surface quality of steel 3D printed products [136]. 
 
3.2.3 Hot Isostatic Pressing (HIP) 
The HIP process is commonly used for AM-produced parts just after the build. It is recommended to do a heat 
treatment after HIP in order to get the maximize the beneficial effect of the treatment [140-142]. It consists of the 
application of a very large pressure to the part in order to close any porosity remaining from the process. Normally 
a pressure of 1000 bar is used, but for particular applications, the pressure could be increased to 2000 bar. 
Concurrently, the temperature is kept high too. A common set-up is 920°C, but in this case, too, depending on the 
application the temperature could be raised up to 2000°C [143]. The high pressure generates a collapse of the 
pores by plastic deformation and brings the surfaces of the pores to contact. The condition of high temperature 
and pressure for a sufficient time allows creep and diffusion mechanisms to bond definitively the material and 
close the pores. Because the high pressure is provided into the chamber through injection of an inert gas such as 
Argon, negative effects on the surface are avoided and quality is maintained. Such process results very beneficially 
for the internal quality of the part [144] and no particular negative counter-effects have been found in the 
literature. 
 
Although AM processes are capable to produce high-density products above 99%, micro-cracks or porosity could 
still exist and could affect fatigue behavior in service [145, 146]. Therefore, it is always suggested the use of HIP 
after production. Indeed, it was demonstrated that for AM-produced parts, HIP almost completely eliminates 
porosity and densities above 99.99% can be achieved [147]. Table 2 illustrates the benefits of the HIP on Titanium 
alloy (Grade 5) with six specimens were produced by EBM in Ti64 and were placed on the build platform in a 
different orientation. One vertical and another horizontal were tested for porosity without using HIP while the 
other four samples underwent HIP at 1000 bar and 920°C. As it is visible in the result reported in the table, the 
porosity, which was already very low without HIP, was practically canceled after HIP. Moreover, it is worth 
mentioning that HIP increases the columnar grain size and thickness of the alpha phase in the build direction. After 
HIP, the alpha phase concentration is changed and the number of dislocations too. This improves consistently the 
material ductility besides fatigue life improvement [147].  
 
Table 2. Mean values of porosity and bulk material with and without HIP [147] 
Build cycle and orientation Porosity (%) Bulk material (%) 
BP0-XY, No HIP 0.0754 99.9246 
BP0-XZ, No HIP 0.3267 99.6733 
BP1-XY, HIP 0.0002 99,9998 
BP1-XZ, HIP 0.0033 99.8867 
BP2-XY, HIP 0.0028 99.9972 
BP2-XZ, HIP 0.0045 99.9955 
 
3.2.4 Cold rolling 
The post-processing of DED processes cannot be the same as for PBF-produced parts due to the large dimensions 
achievable with DED. Indeed, due to design requirements, the ratio between length and width of the part can be 
one order of magnitude higher than for PBF processes. Therefore, thermally induced residual stresses could 
possibly generate deformations that would compromise the geometry and functionality. Cold work via rolling can 
be applied to the part directly after material deposition in order to improve the microstructure and reduce 
porosity [103, 148]. The process benefits are very similar to those achieved by shot peening, where the small 
spheres hitting the surface reduce tensile stresses, and sometimes compressive stresses are generated instead. On 
the other hand, rolling can generate compressive stress continuously and the plastic deformation would cover the 
entire cross section of the weld [149].  
 
In order to prove the benefits of cold rolling for AM-manufactured large parts, Colegrove et al. made some 
experimental tests using two different types of roller [150]: one profiled with a 3.6mm radius and another one 
with a 10*5.2 mm slot that allows maintaining the lateral sides of the deposited material in place. The 
representation of the rollers used in the experiment is shown below (Fig.11). Without rolling, the specimens 490 
mm long resulted in high longitudinal deformations and 7 mm upward bow on each side. In-line rolling did not 
result in significant distortion reduction because of the high temperature of the material. On the other hand, when 
rolling was done after reaching a temperature of 50°C and after each layer or after every four layers, the 
deformation was significantly reduced linearly with the applied load. In addition, this picture shows that rolling 
loads with the slotted roller allows achieving deposition efficiency of almost 100%, which is the ratio between the 
effective wall width after machining and the total deposited wall width. On the other hand, higher loads generate 
plastic collapse and thus lower deposition efficiency [151]. For what concerns residual stresses on the longitudinal 
deposition direction: rolling reduced tension stress from 650MPa to 250MPa on the interface, and the stress is 






Figure 11. Various rolling methods: (a) vertical and (b) in-situ rolling; (c) pinch rolling-using two rollers on both 
sides of the profile; and (d) rolling for thick sections and intersections with an inverted profiled roller [150]. 
 
It can be concluded that, following experiments of high-pressure cold rolling during fabrication of large 
components using WAAM, this system can considerably reduce peak residual stresses and spread the effect over 
the cross-section of the deposited material [152, 153]. The resulting distortion in the longitudinal direction is also 
reduced, whereby a slotted roller is more effective maximizing the deposition efficiency too. One important 
consideration is that rolling straight after deposition does not provide effective benefits for the mechanical 
properties, whereas it is best to apply to roll after every layer or every fourth layer.  
 
3.3 MATERIAL TESTING 
Because of the complex geometries that AM processes are capable of building, one of the great challenges for 
their adoption is quality control of the produced components [154, 155]. Standard measurements systems that are 
commonly used for conventionally manufactured parts are oftentimes not enough for AM applications. Indeed, 
some designs might include internal cavities that are not visible from the exterior or even spatially variable 
geometries. In the following paragraphs, in the first place, a review of the tests, both destructive and non-
destructive (NDT) that are commonly used for AM applications is done. Secondly, the challenge for developing in-
situ monitoring for AM processes is examined and the state-of-the-art examples of these systems are shown as 
well. 
 
3.3.1 Destructive and non-destructive testing  
A number of tests shall be performed on the AM-produced components in order to assess their mechanical 
properties, to confirm compliance with fatigue limit requirements, to confirm material’s chemical composition or 
its microstructure. Some critical are listed below based on the various analysis. 
 
Chemical analysis of material: 
 Analysis of titanium alloy by direct current plasma and inductively coupled plasma atomic emission (ASTM 
E2371) 
 Determination of oxygen and nitrogen content into titanium alloy using inert gas fusion (ASTM E1409) 
 Determination of hydrogen content into titanium alloy using inert gas fusion thermal conductivity or by 
infrared detection (ASTM E1447) 
 Determination of carbon content through combustion analysis (ASTM E1941) 
 
Microstructure assessment: 
 Determine the grain size of the alloy using specimens placed in the build bed with the components (ASTM 
E112) 
 Determine surface contamination (EN 2003-4) 
 Assess metallographic structure through micro-etching (ASTM E407) 
 
Static mechanical properties assessment: 
 Tension testing for measuring Yield Stress (YS), Ultimate Tensile Stress (UTS), Young Modulus (E), and 
elongation (A). (ASTM E8M) 
 Tensile testing at room temperature (ISO 6892) 
 
Fatigue behavior assessment: 
 Axial fatigue test with constant amplitude and controlled force (ASTM E466) 
 Low-cycle fatigue test with the controlled strain (ASTM E606) 
 Crack growth rate measurement (ASTM E647) 
 
Hardness and toughness assessment: 
 Standard guide for evaluating mechanical properties of metal materials made via additive manufacturing 
processes including Brinell Hardness [E10], Rockwell Hardness [E18], Fracture Toughness[E1820], so on. 
(ASTM F3122 – 14) 
 
In addition to the abovementioned tests, a number of non-destructive testing (NDT) can be performed on the part 
in order to assess its quality without damaging it permanently. Basic procedures include dimensional and tolerance 
analysis with the use of white light or laser system, or visual inspection of the part to control geometrical integrity 
and absence of superficial macro-cracks. One of them is computerized tomography scanning (CTS), for detecting 
deep defects that might be embedded in the material during solidification [156]. Defects visible might be pores, 
material not completely fused, or impurities. This system scans the object in many different in various positions by 
rotating it, and then the software re-composes the scans to build the 3D image of the part. The CTS is also useful 
for measuring internal features that would not be accessible otherwise. The only limitation of CTS is the minimum 
size detectable of 27µm. Also, Internal X-Ray radiography could also be used to detect discontinuities, but this 
system is only limited to thin plates [157, 158]. The other method is Dye-penetrant inspection (DPT) which can help 
detect micro-cracks on the surface. It is necessary to rework and reduce the surface roughness before applying the 
penetrant. Indeed, the as-built roughness of AM parts is at least 20µm, which means that without pre-emptive 
surface rework any crack would not be visible [147, 159].  
3.3.2 In-situ process control 
It is true that AM allows to produce new and more complex designs and shapes compared to conventional 
manufacturing techniques, but it is also true that complex geometries pose new challenges to metrology and 
quality control. The challenge comes from the fact that AM creates both the geometry and the material 
simultaneously, defining its internal microstructure during the deposition. The organic geometries possible with 
AM need greater data processing power in order to be analyzed, together with innovative methodologies [5]. The 
problem becomes considerably more difficult to deal with when lattice structures, which most of the times are 
internal to the component, need to be measured.  
 
As mentioned, AM allows creating functionally graded materials where density changes spatially in the same 
component, or where the material alloy deposited in gradually but continuously modified during the deposition. 
One of the biggest barriers to the widespread adoption of AM in the industry is the lack of adequate process 
control systems [160]. Indeed, the development and adoption of in-situ process monitoring systems with a direct 
feedback loop would incentivize the integration of AM processes in the industry [161, 162]. This is even more valid 
in strictly regulated sectors such as aerospace and medical industries. Non-destructive testing (NDT) for metallic 
AM parts is not yet a standardized practice, but it has recently been introduced into the main agenda of ASTM and 
the International Standardization Organization (ISO) [163].  
 
Some common discontinuities that have been recognized in PBF processes are the voids (or pores) that can appear 
either within the layers or between them. The pores may derive from operational settings of the SLM/EBM 
machines such as heat power. Indeed, low power may not be able to melt all the powder particles or the previous 
layer in order to create a strong bond [164]. The un-melted grains have an important impact in void formation, 
and the same effect can be noticed with the too high-power setting. In this case, the melt pool might sustain 
turbulence and part of the material could evaporate leaving gas bubbles inside the bulk material [165]. 
 
3.3.2.1 PBF Process Monitoring  
A machine manufacturer called Concept Laser (a subsidiary of GE Additive) provides one solution allowing 
inspection of SLM-made parts with in-line camera systems. Figure 12 represents a schematic of the monitoring 
process. The system consists of a high-speed camera and a photodiode being mounted close to the laser source: 
the diode measures the mean values of the electromagnetic radiation produced by the material melted by the 
laser; at the same time, the camera records the dimension of the pool [166]. The information provided by the 
camera and the photodiode would be used in close-loop with the machine and would help stabilize the process 
and limit risks of over-melting the material.   
 
  
Figure 12. A schematic of the positions of laser and camera in PBF monitoring [166] 
 
Rather than monitoring melt-pool itself, another interesting use of high-speed cameras was done to control the 
correct powder deposition after each roller passage [154]. Indeed, some inconsistent solidification of material 
from the previously deposited layer could damage the rollerblade. This would clearly affect the following layers 
either by creating V-shaped engraved stripes or allowing too much powder to be deposited in certain areas [167]. 
For what concerns the in-line quality control of EBM-produced parts, there are a number of additional difficulties 
due to the equipment architecture itself. Firstly, the chamber being in a vacuum atmosphere does limit any type of 
installation of cameras or other equipment in it. Secondly, the magnetic coils that deflect the electron beam do not 
allow installing co-axial cameras as metal evaporation might cause metallization of the viewing screen [163].  
 
One monitoring system that seems possible today on EBM machines is an Infrared (IR) camera that allows 
recording the surface temperature of each layer just after its deposition [168]. This also would help to identify 
discontinuities due to over-melting, and the information sent to a control system could be directly fed back to the 
machine computer in order to regulate the output power [169].  
 
3.3.2.2 DED Process Monitoring 
The difference with the previously discussed systems for PBF relies on the fact that the material is being deposited 
concurrently with the heat source. Two main types of defects can be noticed in DED processes with powder-feed 
laser-heated systems: porosity in the material and superficial cracks. Similarly, to what has been said for PBF 
processes, shielding gas might remain trapped into the material powder thus generating pores. This is especially 
true when excessive powder flow rates are fed into the melt pool. Another issue causing porosity derives from low 
energy density, which is not capable of melting the entire quantity of powder that is fed. The second problem is 
crack generation on the surface: this is arguably due to the material characteristics and its thermal expansion rates 
[163]. Pyrometry data can be captured and analyzed in order to predict the size of the melt pool. This information 
can be then fed back to the computing system in order to modify deposition parameters and stabilize the process.  
 
Another possible closed-loop monitoring system for powder-fed machines is to use IR cameras in order to record 
material discontinuities in the deposited layer. Doubling this solution, it can also be possible to achieve feedback 
control on both deposition energy and layer height [170]. Although the wire-fed DED processes have the material 
delivered differently on the melting spot, the type of discontinuities found in the material are of the same type of 
those found on powder-fed DED. Therefore, the same type of monitoring systems is studied and developed, such 
as IR camera systems. A promising control system developed by Liu et al. uses a spectrometer for detecting 
emissions generated by the plasma plume during deposition. The analysis results from the spectrometer are then 
compared with the clad quality (known a priori) in order to determine properties such as surface quality, 
microstructure, and hardness. The spectrometer is assisted by a high-speed camera and a green laser constantly 





Figure 13. Set-up scheme for laser hot-wire deposition assisting a high-speed camera and a green laser [172] 
 
To conclude, it seems that as of today there is no available in-line monitoring system capable of being 
automatically connected with the AM machine parameters and changing them as necessary in a closed-loop 
system. Nevertheless, a number of studies have brought some advances in the subject, whereby Infrared cameras 
or thermal metrology are already capable of gathering interesting data from the job and thus improve the machine 
setting. Indeed, these monitoring processes are not at all autonomous yet, and they still rely on a priori 
information provided to them, such as the type of deformation we are looking for, or the causes of such misfit. In 
other words, these systems are useful to better understanding the process itself. 
 
 
4. DESIGN FOR AM PROCESSES 
Nowadays, in the manufacturing industry, it is important to increase the efficiency of production systems and 
reduce costs in order to stay competitive in the business [173]. Production lead time has become a key indicator 
for competitiveness as business models require a faster time to consumer and levels of customization have 
reached a historical maximum [174]. One of the design strategies, in order to effectively reduce lead time, is to 
reduce the part count. indeed, this would have a direct effect on assembly operations, inventory, and logistics, 
providing both operational and managerial simplifications. Just to mention the fact that no specific tooling, 
fasteners, jigs, and fixtures would be required anymore for the assembly operations gives a good idea of the 
simplification extent, apart of the secondary benefit of providing enhanced agility to the system. in case a product 
re-design is needed, not all the system has to be re-thought but a simple CAD modification would be sufficient 
[175-178]. 
 
Although consolidating multiple parts into a single design might seem a good idea for simplifying the whole 
production chain, it comes naturally with some consistent drawbacks. In fact, the consolidated part would have a 
much higher complexity than the original constituent components of the assembly, requiring reliable 
manufacturing processes that are able to assure consistent mechanical properties, along with more sophisticated 
inspection techniques for quality control both in production and in service. With such opportunities, the re-design 
would not only be limited to producing the whole assembly in one single piece, but it would need a re-thinking of 
the assembly’s functionality and dimensional requirements such as an interface with other assemblies and surface 
finishing, and the material volume needed for assuring and maximizing the mechanical properties. Thompson et Al. 
define three levels of opportunities and related complexities for AM design: part level, material level, and product 
level [5]. In following, these factors are discussed with more details. 
 
4.1 PART LEVEL AND ASSOCIATED MACRO SCALE COMPLEXITY  
On the market, it is now possible to find AM technologies allowing printing a variety of materials from polymers, 
metals, ceramic, and even foods. Some processes even allow producing parts already colored by adding pigments 
to the raw materials or by activating them during the process. The ability to create freeform geometries, and thus 
parts that are difficult or sometimes impossible to produce by conventional manufacturing, appeals a lot of 
industrial and fashion designers, as well as interior designers for high-end furniture and lighting fittings [179]. 
Table 3 categorizes the applications, advantages, and challenges of the AM process based on various groups of 
materials mainly for the aerospace industry [180].  
 
Table 3. Some applications, benefits, and challenges of the principal materials for AM [180]. 
 
Materials Main applications Benefits Challenges 
Metals and 
alloys 
- Aerospace and Automotive 
Military 
- Biomedical 
- Multifunctional optimization 
- Mass customization 
- Reduced material waste 
- Fewer assembly components 
- Possibility to repair damaged 
or worn metal parts 
- Limited selection of alloys 
- Dimensional inaccuracy and poor surface 
finish 
- Post-processing may be required (machining, 
heat treatment or chemical etching) 
Polymers and 
composites 






- Fast prototyping 
- Cost-effective 
- Complex structures 
- Mass customization 
- Weak mechanical properties 
- Limited selection of polymers and 
reinforcements 
- Anisotropic mechanical properties (especially 
in fiber-reinforced composites) 
Ceramics - Biomedical 
- Aerospace and Automotive 
- Chemical industries 
- Controlling porosity of lattices 
- Printing complex structures 
and scaffolds for human body 
organs 
- Reduced fabrication time 
- Better control of composition 
and microstructure 
- Limited selection of 3D-printable ceramics 
- Dimensional inaccuracy and poor surface 
finish 




According to Thompson et al. [5], the major industrial interest for AM is driven by the parts’ increased functionality 
and performance enabled by complex geometries. One of the most studied applications is with no doubt 
conformal cooling, where channels follow the same shape of the part [181, 182]. Research shows that using 
conformal cooling strongly improves the heat transfer in the part, increases its efficiency and quality, and reduces 
cycle times as well as maintenance intervals. All the mentioned benefits generate important cost savings over the 
life of the part [183, 184]. Other remarkable examples of complex geometries in the literature include integrated 
wiring channels and air tubes for robots [185], or a water redistribution manifold [186] where the optimized paths 
of fluid channels allowed a 90% reduction of vibrations caused by turbulence. 
 
In the aerospace sector, a very valuable benefit of using AM is to create topology-optimized parts [187, 188]. This 
consists in identifying where to put material exactly in order to achieve the desired set of mechanical properties 
(e.g. stiffness for given loads, uniform stress) while reducing the part’s weight and material employed. Such design 
freedom may allow overcoming design limitations such as uniform wall thickness and sharp corners. In other 
words, AM could allow rethinking designs so that material is put where is needed only and produce parts with 
theoretically no restriction on geometric complexity and no need of specific tooling [189].  
 
Meyer and Tomlin provided a groundbreaking example of topology optimization. They did a business case for 
redesigning an aerospace bracket that is used in the Airbus A320 nacelles hinges [190]. The nacelles are the cowls 
of the engines and are hinged on the top side on the engine pylon so that they can be opened for maintenance and 
inspection. The objective of the optimization was, in that case, to minimize the weight maintaining the same 
functionalities of the part. The original part was manufactured with HC101 steel and was replaced with Ti64 
additively manufactured through the SLM process. The design had some constraints driving the functional 
requirements, such as the maximum displacement along the hinge, the maximum yield stress was limited at 
1,000MPa, and the fatigue limit kept at 350MPa for 400,000 cycles. The optimization loop below shows the re-
designed part with a completely new geometry that would be probably not possible to produce by conventional 
methods (Fig.14) [190, 191]. The stress in the new part resulted to be more homogeneous and the weight 
reduction achieved was quite impressively positive. The original part weight 918g, about 32% of it was reduced 
because of the material change while another 32% reduction was due to the design optimization. Altogether, the 





Figure 14. Optimization loop of Airbus A320 nacelle hinge bracket [190] 
 
 
It is also worth mentioning the AM capability of producing highly customized products and even bespoke ones 
[192, 193]. Today AM is widely used in the medical and dental sector for biomedical implants and prostheses, or 
for creating bespoke furniture [194, 195]. Nevertheless, in the future highly customized parts could be introduced 
in commercial aircraft too, notably for cabin components such as decorative parts that are customized by each 
airline with their unique designs [196]. 
 
4.2 OPPORTUNITIES AT MATERIAL LEVEL  
The process of Additive Manufacturing creates the material at the same time as geometry. This allows modifying 
or combining different materials, for example by mixing different powders or by alternating them [22]. Moreover, 
with the use of specific process parameters and build orientations, it is possible to enhance the mechanical 
properties of the object by controlling the material properties such as its microstructure and its porosity [197]. 
 
As it has already been discussed earlier, in-situ post-processing can be used to improve material properties while 
layering [163]. High pressure rolling could be done after each deposition passage in order to refine the part’s 
microstructure. Alternatively, customized surface textures and porosity could help achieve specific functionalities, 
such as improved surface fixation of medical implants [198, 199]. Variable porosity is also achievable through 
some AM processes and allows generating functionally graded components. 
 
Another extremely interesting and promising opportunity deriving from AM design freedom is no doubt its ability 
to create lattice structures at micro-level, which is in the range of 0.1-10mm [40]. These structures are defined as 
interconnected networks of struts and plates and can replace solid material for improving performance.  Indeed, 
lattice structures have a higher stiffness to weight ratio than the bulk material that it is originally made of [200]. 
These structures can be homogeneous or heterogeneous, in which the thickness of struts is variable, and the 
orientation of lattice cell units can change according to load and stiffness requirements. Heterogeneous lattice 
structures are more complex to manufacture but they maximize performance benefits. In the aerospace, lattice 
structures are widely utilized also with other materials. For example, most of the panels in the cabin are made with 
sandwich structures in composite materials, where a lattice structure is included between two flat layers. This is a 
commonly used way to save weight in an aircraft, namely reducing the material volume used for achieving the 
same mechanical properties [201]. 
 
4.3  PRODUCT DESIGN FREEDOM: PART CONSOLIDATION 
Thanks to the ability to produce complex geometries, AM could reduce the assembly’s components by 
consolidating the design [202]. It has advantages such as a reduction in the assembly time because of the reduced 
number of components and thus lower inventory kept for sub-assemblies due to the simplified supply chain. In 
addition, having fewer assembly steps in the process result in fewer quality inspections and quality escapes too 
[203, 204]. Consolidation may also have a beneficial effect on parts reliability, as the number of parts coupling is 
reduced, and these are quite often the initiation of failures [196]. One of the most successful examples of parts 
consolidation, at least in the aerospace sector, is the fuel nozzle of the General Electric CFM LEAP aircraft engine. 
The assembly was originally made of 20 parts and thanks to the use of AM it was reduced to one single 
component. The consolidation resulting collateral benefits were a 25% weight reduction and an estimated five 
times higher part life [205].  
 
Nevertheless, the overall impact of the design change should be analyzed over the entire life cycle of the 
for not only the manufacturing phase, and a more comprehensive study should include the part service and 
maintenance, inventory and logistics, and so on. One methodology for parts consolidation is proposed by Yang et 
al. [189] and is schematically reproduced in  Figure. The initial inputs for th  re- esign process are the initial CAD design, of course, the functional requirements 
(FRs) and the Performance Requirements (PRs). The FRs define what the components are supposed to do, whereas 
the PRs identify how efficiently the functions are achieved by the design. During the function integration step of 
this re-design process, the functional surfaces and volumes need to be identified. As a simplistic example, in a 
wing, the surface has the main function of providing lift while the internal volume can be optimized for weight 
efficiency. In many components, the volume can be seen as a mean for connecting functional surfaces. In these 





Figure 15. Methodology for part consolidation [189] 
 
Knofius et al. [205] argue that it is not evident whether recreating an existing assembly by consolidating all its parts 
into a single component or fewer components would increase the overall value of the assembly. Firstly, because in 
case of failure the consolidated part would need to be replaced while the assembled one could have one of its 
parts replaced. This would possibly create additional costs due to the higher value of the spare parts inventory. In 
addition, the use of standardized low-level components would not be a possibility anymore and neither the 
practice of pooling inventory stocks. It becomes now clear that the evaluation and the decision perimeter must be 
widened up to include the spare market and the inventory costs for keeping spares.  
 
It can be said that part consolidation has inevitable advantages for it reduces the parts count and thus the 
assembly operations. Nevertheless, the re-design process heavily relies on the designer’s experience on functional 
requirements of the assembly. It is also well understood that the process should involve an analysis of functional 
surfaces and volumes, and a successive definition of performance goals which drives the optimization [189]. 
  
4.4 DESIGN CONSTRAINTS 
In the previous section, we have seen some of the opportunities in product design that could be enabled in the 
present and future by AM technologies. Nevertheless, because most of the processes and their applications are 
still in the proof-of-concept phase, it is important to evaluate the design constraints as well as product through-life 
requirements. These aspects could be blocking points for a large-scale commercial diffusion of AM technologies. 
Firstly, the digital model must be of higher quality than those for conventional machining. Because during AM 
parts production there is no human intervention, a set of comprehensive information such as the tool path, 
support material, colors, and tolerances before the model is converted into machine instructions. Here is a big 
challenge: CAD programs available on the market are mostly based on parametric NURBS systems, which work well 
with geometries used in conventional manufacturing, but are not suited for the complex and freeform geometries 
used in AM.  
 
Moreover, the above-mentioned CAD systems are unable to create lattice structures or material differences and 
variations within the product. One of the methods used to overcome this limitation is 3D scanning a physical object 
(an existing product or a clay model) [206]. The scan generates a geometry based on triangulated data that can 
then be further refined. It is clear that digital modeling is a key part of the AM process and a lot of the overall 
production effort via AM technologies resides in product engineering. Extensive research is being done to 
overcome current software constraints and to increase capabilities by including material information as well as the 
final products’ functionalities requirements [5].  
 
Another design aspect that needs to be addressed during the product-modeling phase, and that could be 
considered as a limitation of AM technologies, is the strong dependency of the final properties on directionality 
and building orientation. The discretization of the part into layers creates itself a roughness that is typical of 
additive manufactured components. Boundaries between layers could potentially initiate cracks or other failures if 
left as-is, and generally, the resulting properties are anisotropic. One way of improving material properties is of 
course post-processing, whereby an additional manufacturing step is added to improve the build quality. A review 
of some common post-processes was done in section 3.2.  
 
Another way of reducing material anisotropy is to change the orientation of the component in its printing bed 
during the modeling phase [207]. Indeed, because of the layer’s deposition, a step-effect is visible on the sides of 
the build. The orientation of the part can also help to improve the strength of the build during the process [208]. 
Indeed, as opposed to conventional processes, AM parts are in their weakest phase at the beginning of their 
process and therefore gravitational loads, mechanical and thermal stresses could negatively affect the artifact 
quality. Other than the orientation, designers can opt for self-supporting structure designs or in most cases for 
additional support structures that are taken away after manufacturing [209]. The optimization is needed in order 
to avoid the build to be fractured or to collapse, and for metal components, support structures are also critical for 
heat management and to reduce heat-related stresses.  
 
It is likely that any kind of support strategy would increase the manufacturing cost, but this is strictly necessary in 
order to achieve an acceptable design with required properties. For example, the cantilever beams showed in Fig. 
16 which are topology-optimized and produced by SLM, show three possible approaches for dealing with overhang 
structures where the weight of the part itself could cause structural failure [210]. Section (a) shows a strategy with 
columnar support that would be cut away after the process is completed. Section (b) is the part produced without 
support failed during the build in the two spots identified by the arrows. This is because AM parts are stronger at 
the end of the process, when the part is completed, whereas during production the weight of the material itself 
could damage the build. Lastly, Section (c) represents the same cantilever produced using a self-supporting design. 
The cantilever case result is that the self-supporting beam took 50% less time to print and about 20% more print 
material than the design with columnar support. In addition, no support material for the additional structure was 





Figure 16. Closeup of build support strategies, (a) successful build with support, (b) failed to build with no support, 
(c) successful build with self-supporting structure [210]. 
 
5. AM COST 
Cost evaluation plays a key role when assessing the feasibility of including AM systems in a production 
environment [184, 211]. Indeed, the cost of the final product is a key variable that cannot be neglected as business 
performances usually have a strong dependence from it. Therefore, product cost estimation should be as accurate 
as possible in order to predict better the margins that a company can make out of manufacturing [212].  Product 
cost estimation is a widely studied matter because of its importance, and many cost modeling techniques can be 
found in the literature [213, 214]. Nevertheless, because of the fact, the AM technologies have only been 
introduced recently in the market, there is not enough historical data that can be used for models, hence not all 
the models can be successfully utilized with AM. 
 
5.1 PRODUCT COST MODELS 
When a precise cost model is available, it is possible to compare different AM technologies among them or to 
make comparisons with conventional manufacturing processes. As cost is one of the main variables when 
evaluating a business case, it is important to include as many details as possible so to reflect reality at best. Some 
of the commonly used cost modeling techniques are shown below. 
 
5.1.1 Analogical techniques 
This type of cost-modeling techniques, also known as regression analysis, making use of historical data from past 
designs in order to establish the cost structure of a new product [215]. Changes in the model parameters need to 
be done as soon as the product specifications change. In order to maximize the accuracy of such a model, it is 
preferable to prioritize and weigh the impact of each feature on the model. This approach is preferred in the early 
stages of a design or in prototyping. In the case of AM, this approach might consider, for example, specific surface 
quality requirements as a process constraint and so associating a cost to the post-processing operation. This 
system works well with independent variables that have a linear relationship with their cost associated [216].  
 
In the case of the non-linear relationship between the variables and their costs, Artificial Intelligence (AI) is more 
suitable. Artificial Neural Networks (ANN) is a system capable of determining with success multi-relations and non-
linear relations of variables [217]. AI is extremely helpful especially in the design of early phases, as it can achieve 
accurate results even with poor background information. Indeed, the ANN system is simulating the logical and 
sequential process of human experts when identifying variables and defining their relationship with the cost 
structure [60]. 
 
5.1.2 Analytical techniques 
Activity Based Costing (ABC) is the technique most commonly used for AM processes in the literature [1]. It 
allocates a direct cost to each operation performed, and distributes the overhead costs over the operations, on a 
pro-rata basis. It seems to be very helpful in case of large fixed costs, for example, related to the machine. 
Operation Based Costing is quite similar in the principle to ABC, but it needs a much larger set of information 
regarding the process [218]. In fact, all operations involved in the process need to be understood, and their time 
measured including set-up and changeover times. Therefore, this approach is more suitable for the final phase of 
manufacturing when most of the information are known [60]. Feature-Based Costing associates some design 
features to a cost associated with it to build up a comprehensive cost structure [219]. Since this technique strongly 
relies on the design complexity in order to define its cost, it is not suited to AM. 
 
 
5.2 AM COST MODEL 
As AM is a capital-intensive process – meaning that a large investment is needed to acquire the machine in the first 
place – it makes sense to spread such fix cost over the utilization period. Therefore, in literature, it is common to 
find AM cost models based on the subdivision of direct and indirect costs, as follows [5, 60 , 220]: 
 
Direct costs: 
 The raw material for part and support structure 
 Energy consumption including machine warm-up 
 
Indirect costs: 
 Machine purchase, depreciation, and maintenance 
 Labor cost including setup and post-processing 
 Production and administrative overheads 
 
Where the indirect costs are expressed in the hourly rate and depend on the annual machine operating rate and 
the equipment’s depreciation. The entirety of the above-listed costs are the so-called “well-structured” costs, 
namely those costs necessary for manufacturing the part. It is worth noting that such cost structure does not take 
into account any costs related to building failure, raw material inventory, or logistics, namely the “ill-structured” 
costs. In addition, and most importantly, such a structure fails to consider the efficiency of filling the machine build 
plate [221].  
 
In fact, in order to achieve a more realistic model, it is necessary to introduce a variable related to the build 
volume packing efficiency. The volume can be occupied by the same parts or by completely unrelated parts. As it is 
understood, the AM machine operational efficiency would not depend on the items produced and their 
complexity, but only by their volume. Indeed, the mentioned variable could be defined as the ratio of the occupied 
build volume floor voxels and those available. The labor cost mentioned above includes post-processing as these 
tasks are needed to achieve a final product with the desired technical requirements, and full cost analysis cannot 
disregard this variable. To be precise, it is worth saying that in order to compare the costs among different 
technologies, namely conventional manufacturing processes and AM processes, it is necessary to evaluate all task 
need to achieve the same standard of the final product. Generally, cost models for AM need to include an account 
for [222]: 
 
 Material waste and recycling cost 
 Support structures  
 Printing time  
 Build volume occupation efficiency 
 Product complexity and value 
 Post-processing tasks and their duration 
 Quality monitoring requirements 
 
As shown earlier, most costs incurring in AM are time-driven. Therefore, when developing an activity-based costing 
model, all activities should be identified specifying their processing time. One proposed methodology includes the 
following three steps for isolating the main processes, as shown in Fig. 17 as well. 
 
(1) Analyze all individual applicable activities 
(2) Combine intercommunicating activities into logical sub-processes 
(3) Summarize sub-processes into main process steps 
 
 
Figure 17. Identification of main process steps [222] 
 
 
5.2.1 The cost model for PBF processes 
For PBF systems, the above-mentioned analysis results in most cases in seven main process steps: “design & 
planning, material processing, machine preparation, manufacturing, post-processing, administration, and sales & 
quality” [222]. Then, parameterized cost functions are allocated to each activity so that total costs can be 
calculated [223]. This structured methodology also helps to identify what are the major contributors to cost. To 
this extent, Fig. 18 shows an example of cost sub-division for an SLM process. In the upper part, the cost 
contribution of each one of the seven main processes is detailed, whereas in the lower half the absolute value of 
those is shown.  
 
 
Figure 18. An example of cost sharing for the SLM process [224] 
 
It can be noticed that for a typical PBF process the main cost voice is given by Design and Engineering work. 
Indeed, as discussed earlier, the parts and their position in the powder bed have to be studied carefully in order to 
achieve a good quality product. The second most costly step results to be the post-processing [225]. Again, this is 
due to the high-precision and intensive manual work to be done for structure removal, or for thermal stress relief 
[222]. 
 
Manufacturing takes obviously a big chunk of the total cost, and it includes the purchasing cost of the hardware, 
service, and maintenance, and in case of SLM, it also includes the wire erosion machine that is needed for 
separating the support structure from the build plate. Although the cost of an EBM machine is comparable to the 
purchasing cost of SLM one, the relative cost contribution might differ depending on the layer height utilized in the 
build, pre-heating and cooling [226, 227]. Regarding the material costs, there is a substantial difference in price 
between powder-based processes and wire-fed ones. For example, Ti64 powder comes in a price range of 300-500 
$/Kg depending on the supplier, whereas the Ti64 wire, which is already commercially available for other uses, is 
one order of magnitude less expensive than that [5]. Finally, it can be said that all costs related to AM production 
can be allocated on an hourly base to the processes and that the resulting cost structure does not benefit from 
economies of scale. Nevertheless, it is worth noting that the high manual labor associated to the post-processing, 
support structures removal, the time spent for the engineering, and the job planning phases could strongly 
influence the hours of work associated for each part [183, 228].  
 
In addition, as mentioned before, the build-volume occupation rate has a great impact on the final cost per part. It 
is clear that without filling the powder-bed completely the whole machine hourly rate has to be spread among the 
few parts produced creating the same effects seen on batch productions. Therefore, as it is visible from a sketch in 
Figure , the cost per part becomes lower and more constant when the full bed is filled [229].  
 
 
Figure 19. Scale economies scheme for PBF [229] 
 
5.2.2 Cost models for DED processes 
The DED processes such as the WAAM process are gaining increasing interest in the industry due to possible cost 
advantages and the ability to create large components [60]. Deposition rates can indeed go up to 4 Kg/h compared 
to 0.1 Kg/h achievable with PBF technologies. In fact, in order to achieve acceptable mechanical specifications, the 
deposition rate is kept at 1-2 Kg/h for the production of high-precision components.  
 
Another difference is that there is no chamber, thus no pre-heating or vacuum processes are applicable. On the 
other hand, the residual stresses are reduced by cold rolling the just-deposited material thus adding up to the 
machine costs. In addition, because DED is “near net shape” processes, they need some machining after deposition 
is performed. This constraint clearly adds some difficulty to the process and increases the amount of post-
processing, thus the overall cost. As it is the case for powder-fed AM processes, a time-based Activity Based 
Costing (ABC) model is the best-suited approach for evaluating the cost of DED processes [103].  
 
In Figure , the specific cost for a part manufactured with the WAAM process is shown. For this example, the 
machine hardware cost was fixed at £181,000 of 2015 currency, and multiple curves are displayed according to the 
final part BTF ratio achieved. Particularly, it can be noticed that in general there is a specific cost reduction for high 
deposition rates and a meaningful difference can be seen above 0.5 Kg/h. Also, as expected because of the 
material costs, lower BTF ratios considerably decrease the overall cost of manufacturing [79].  
 
 
Figure 20. The specific cost of deposition for WAAM. The function of deposition rate and BTF ratio. Cost calculated 
with hardware cost of £181K in 2015 currency [20] 
 
The various activities involved in the process need to be identified, and a parametric cost associated with each of 
them. Figure 21 shows schematically the Figure 21. The sequence of activities in the WAAM process . Then, in 
order to build a cost model for WAAM, the hourly rates of direct and indirect cost are used as an input while 
overheads such as administration and facility fees are excluded. The machine time would then be the other input 
necessary to calculate each activity cost. 
 
  
Figure 21. The sequence of activities in the WAAM process [103] 
 
The total cost of the DED process is comparable with PBF technologies and conventional CNC. The investigation on 
DED process demonstrates how the inert gas flow can have a huge influence on the final cost because of the fact 
that there is no closed chamber and the parts are much larger than those produced by PBF. For the production of 
similar component geometry, WAAM results to be about on average 30% more economical than EBM and 70% 
compared to SLM, thanks to a lower machine cost which accounts for about 40% of the total. When compared to 
conventional CNC machining, the breakeven stands at a BTF ratio of 5, whereas for components with BTF ratios of 
10 the cost reduction achievable by WAAM increases to 53% [103]. Overall, Figure 22 represents a comparison 
between various AM equipment with consideration of four factors, namely, machinery, raw material,operational 
cost, and maintenance.  
 
 
Figure 22. Cost Comparison between various AM equipment [109] 
 
 
5.3 SPARE PARTS & SUPPLY CHAIN 
Some years ago, additive manufacturing processes were just used for prototyping and today there are more and 
more industries trying to exploit the benefits of AM in terms of design complexity and just-in-time production [39, 
230, 231]. It is now worth discussing what the consequences are of the introduction of AM technologies in the 
supply chain, and particularly its impact on logistics and spare parts [172]. Indeed, if the end-user components are 
produced using AM, that would mean that their spare parts are produced with AM too. Alternatively, the original 
component could be produced by conventional techniques while the spare part could be produced by AM in order 
to achieve some benefits that will be listed below. According to the annual Global Report on AM released by 
Wohlers Associates, in 2012 only 28,1% of AM-fabricated parts were functional and this figure improved to 33,8% 
in 2016, showing that the demand for in-service support of AM parts will increase consequently [224].  
 
5.3.1 Digital spare parts 
Some benefits of AM technologies were already discussed in terms of production benefits, and these would have 
clear repercussions on the supply network. Reducing changeover times and the absence of specific tooling needed 
to provide a sort of agility and flexibility to the supplier, which can react more quickly to a request for part [224]. In 
aerospace, components have high capital asset value, because of the impact on the operations that just one 
missing spare part could have. Indeed, parts are changed according to scheduled maintenance that tries to reduce 
at minimum the unscheduled incidents, thus minimizing the aircraft grounding and maximizing revenue operations 
[224]. Nevertheless, unattended problems may arise, and airlines and their suppliers do not will to risk long times 
of unproductive downtimes that could cost from $10,000 to more than $50,000 per operational day lost to the 
airline, depending on the aircraft type. Thus, companies keep expensive inventories all the time to avoid risks of 
part unavailability. 
 
The AM processes seem to have good potential for achieving high spare part availability within a short lead-time 
and with low cost compared to conventional inventory stockpiling [232]. In addition, AM is well suited for covering 
the spares market of those products that are obsolete and have very low demand, such as parts for old types of 
aircraft whereby their downtime value is lower [233, 234]. 
 
Another possible outcome of AM in the spare parts supply chain would be the de-localization of production, 
bringing it closer to the final consumer and without the need for a centralized inventory [235-237]. This would 
allow a capillary network, also referred to as Digital Spare Parts (DSP), with lower inventory cost [238]. 
Nonetheless, stakeholders involved in the spare parts management system alerted about the risk of piracy. Data 
could be leaked during the transfer from the centralized data storage system and the production site. Another 
issue related with the implementation of the DSP network would be that today there is a lack of process 
standardization, and the production AM sites receiving a given CAD data would need to make the difference 
according to the machine type and material. Some of the obstacles to the digitalization of the spare parts for the 
maintenance market have been identified by industry stakeholders and are shown in Table , where a possible 
cause of each obstacle and implication for the maintenance operations have been identified as well. 
 
Table 4. Obstacles to digitalization of spare parts for maintenance [238] 
The obstacle in digitization of spare 
parts 
Cause of obstacle 
The implication for maintenance 
operations 
The high cost of AM The high cost of AM machine hour price and materials Increased price of producing components 
The limited size of possible 
components 
Limited build envelopes of AM machinery 
Limited choice of components can be 
produced with AM 
Inadequate quality of spare parts AM accuracy limitations  
Variable quality between AM 
machines 
Lacking control of process parameters in AM 
Only parts that fit in the quality variability 
can be produced with AM 
Variable quality between shipments 
of AM materials 




Data leaks in the supply network and reverse 
engineering of components 
Loss of sales 
File version management Poor ICT Lack of conviction incorrect spare parts 
3D model unavailability 
A component manufactured based on 2D drawings or 
design subcontracted 
More work in 3D modeling and increased 
labor cost 
Difficulty in making 3D models from 
obsolete components 
The imprecision of 3D scanning  
Parts are not ready after 3D printing 
Parts need to be post-processed and 3D scanning 
does not provide this information 
 
 
It is worth noting that, although the first point identified in Table  is the high cost of AM compared to conventional 
methods, it is widely recognized that in case of long tail products (not-frequent spares or obsolete parts) the would 
not represent a blocking issue. In fact, the over-cost of AM parts would be covered by the savings related to 
inventory costs, transportation costs from a centralized warehouse, and in terms of shorter lead-time [238]. The 
same stakeholders were asked in the interview what are the enablers of spare parts digitization, and some key 
interesting outcomes are listed below: 
 
 High-complexity components would be perfectly suited to the DSP network due to the AM processes 
capability to produce complex parts at no extra cost. 
 
 Only small parts would be considered for DSP because of the actual AM processes constraints in terms of 
chamber size. The DED processes would not be considered in this case as they are better suited to the 
production of large structural parts rather than small components. 
 
 Highly critical parts that necessitate the shortest possible lead-time for availability would be a good 
candidate of DSP. These would be components that could cause the grounding of the aircraft until a 
replacement part is provided. 
 
 High-value parts instead are so relatively expansive that having them in stock generates important cash 
immobilization. Therefore, the DSP could reduce the overall value of these parts in stock, as the 
inventories would be kept in servers rather than on physical shelves. 
 
5.3.2 Spare parts consolidation 
Parts consolidation was earlier mentioned as an advantage of AM with respect to conventional manufacturing 
techniques, allowed by its unique capability of producing complex geometries with no extra cost or effort [175, 
239]. The design benefits from this freedom by the means of optimized structures for their functionalities rather 
than for manufacturing constraints. This opportunity should be welcomed positively as most of the assembly 
failures in service generate from the parts couplings rather than from the part itself. This might have a drawback 
once the component enters into service though. Indeed, in case of failure, the whole part would need to be 
replaced as opposed to replacing the single broken component in case of assemblies of simpler parts [203, 205]. 
 
For critical aerospace parts, it is hard to think that no stock would be kept at all, leading to the conclusion that a 
very expensive inventory would end up on the shelf instead. In addition, the commonality effect on some parts 
that are used in multiple assemblies could be lost. Some key opportunities and drawbacks of design consolidation 
with regards to the supply chain and the spare parts are given in Table . 
 
 
Table 5. Opportunities and drawbacks for supply chain with AM design consolidation [205] 
Opportunities Drawbacks 
+ fewer assembly steps  
+ Shorter lead times  
+ Simplified supply chain  
+ Potentially higher reliability  
+ Performance improvements  
+ Reduced tooling and setup effort  
+ Lower raw material usage  
+ Future low supplier dependencies 
- No replacement of sub-components 
- Lost commonality effects 
- Potentially higher purchasing costs 
- Potentially lower reliability 
- Stocking of more complex parts 
- Post-processing 
- Currently high supplier dependencies 
 
 
Ashour Pour and Zanoni [240] have tried to model this problem by including as primary input factors the 
production cost, the reliability effects, and logistics costs. It is well agreed that integrating assembly parts into one 
single component can reduce the weight of the final part and optimize the design according to its functionality. 
Most of the predictive models of spare parts inventory management rely on two key variables: the number of 
working components into the assembly and their reliability, otherwise known as Mean Time Between Failures 
(MTBF) [241]. Removing many sub-assembly parts could not necessarily be the optimal solution. Apart from the 
integration feasibility through AM, the reliability of each part should be known before and after consolidation, as 
well as their production costs and inventory costs. Their investigation considered an assembly of three 
components, where they evaluated whether to integrate the design or not based on information such as reliability, 
inventory transportation costs and production costs. The assumption, in this case, was that the most valuable 
component was the least reliable too, and vice versa [240].  
 
The ideal situation for parts consolidation comes to the case where production costs are relatively low, and their 
reliability is high. It is therefore interesting from a manufacturer’s point of view to integrate the design and 
maximize the benefits. In the opposite side of the spectrum, when parts are relatively expensive to produce, and 
they are less reliable, it would be meaningful to have separate components and assembling them later. In 
intermediate cases of production cost and reliability, a partial consolidation could be envisaged, but finally, the 
decision might be influenced by other cost improvement decisions directed by the manufacturer [240]. 
 
Knofius et al. [205] compared AM-produced spare parts for an aircraft with the same part produced by 
conventional manufacturing and differentiated two cases for AM deployment. A central AM process with a 
capillary logistic network, which would be better suited for slow moving parts with strong demand variability, and 
a decentralized network of AM machines close to the final customers for fast moving spare parts [242, 243]. It was 
also modeled the economic feasibility of part consolidation through AM. The results often lead to the conclusion 
that conventional assemblies are more convenient than additively manufacture complex components, due to the 
fact that replacing the whole AM part is more expensive than just replacing a sub-component. This is true even 
when AM improves reliability and shortens replenishment lead times. Nevertheless, this comparison does not 
account for performance improvement of the new design, which was not possible with the conventionally 
manufactured assembly due to the known production constraints. In order to achieve cost reduction through 
parts, consolidation is to have a combination of higher overall reliability, lower total cost, and lower replenishment 
lead-time to minimize disruption [237, 244, 245]. 
 
It is also important to note that in the commercial aviation business, in order to minimize operational downtimes, 
airlines cover failures of expensive and critical parts with a “repair-by-replacement” policy. This policy means that 
even when a single part fails, the whole assembly or sub-assembly is replaced and sent to a specialized repair shop. 
There, the failed part is replaced or repaired if economical. In fact, for precaution, all aviation suppliers maintain a 
rotating stock of fully functional assemblies and sub-assemblies in various hubs around the world. These 
assemblies are ready to be installed and operate on aircraft as soon as it becomes necessary, sometimes within 
hours. This might seem a very expensive policy, but it would rather become reasonable when comparing the 
covered aircraft fleet value or the revenue loss due to operational downtime [246].  
 
5.4 ENVIRONMENTAL CONSEQUENCES 
In this section, final reasoning is done on the consequences of AM introduction into aerospace production systems 
and particularly regarding the later phase of the value chain. One of the reasons why aerospace is driving the 
research for achieving complex geometries and lighter aircraft components is that weight is a crucial factor for 
efficiency, fuel consumption, and performance in general. Very elementarily, an aircraft needs fuel for flying as 
many other transport means do, the difference relies on the fact that the aircraft weight has a direct and linear 
effect on its fuel consumption. Nowadays, there are about 20,000 large airplanes in the commercial aviation and 
cargo fleets worldwide, and Airbus and Boeing deliver about 1,600 more every year. This means that the global 
fleet will double in the next decade and the fuel consumption will increase accordingly. Therefore, the impact of 
reducing fuel combustion and greenhouse gas (GHG) emissions on aircraft produced today will generate effects 
over their whole life cycle [16]. It is estimated that every 100 Kg of weight saved on an aircraft could save 
averagely 550 GJ of fuel per year, corresponding to some 75 tons of vehicles weight reduction. Else, the airline 
could save about 300,000$ per year in fuel efficiency, per each aircraft. To achieve this goal, AM could be helpful to 
reduce the overall mass.  
 
Huang et al. [16] made an extensive study on the parts that could be replaced with AM-produced parts, on a short-
medium range aircraft. They estimated that between 9-17% of the total aircraft mass could be replaced by AM 
parts, and particularly 3-6% attributable to Ti64 parts. As most of the aircraft body structure is now made of 
aluminum or carbon fiber, there is little opportunity for benefit. On the other hand, engines, pylons, and engines 
nacelles are bulky components with extensive use of Titanium, where it is estimated that about 1,000-2,000 Kg of 
components could be replaced using AM potentially resulting in a mass reduction of 380-820 Kg, or about 40% of 
the original components’ weight [16]. As visible in Fig. 23, taking into account the North American fleet of just 
above 6,000 aircraft only, and assuming different incorporation rates of AM parts in cabin furnishing and 
equipment (a, b, c) and engine parts (d, e, f), the mass reduction effect can be estimated on the whole fleet over a 




Figure 23. AM parts incorporation rate furnishings and equipment (a, b, c) and engines (d, e, f) [16]. 
From the curves, it is noticeable that in all integration scenarios AM-made furnishings are likely to appear first and 
more rapidly in commercial aircraft. Based on these curves and on the fuel saving figures mentioned earlier, it is 
possible to make fuel savings estimation for the whole fleet with different integration rates scenarios. In Fig. 24, it 
is visible that depending on the technology adoption rate there might be waves representing the fact that the 
production systems might struggle to keep up with the high demand.  
 
 
Figure 24. North American fleet primary energy use consequences of AM introduction [16] 
 
Moreover, it is estimated that only 2% to 3% of such energy efficiencies come from the manufacturing process, 
and the remaining is related to the aircraft service fuel savings due to the reduced weight [16, 110]. This evaluation 
only took into account the primary structure savings, but it must be said that weight reduction of primary 
components implies a reduction on secondary ones too because of the power load and stiffness required [247]. 
This is certainly an aspect that should be considered for redesigning components and achieve higher efficiency. 
 
6. CONCLUSIONS AND FUTURE TRENDS 
Nowadays the industrial landscape is highly competitive, and technologies can improve delivery times while 
reducing costs are being subjected to extensive research. This is particularly true in the aerospace sector, which is 
characterized by extremely complex and constrained supply chains, high-value products, and meticulous research 
for performing materials. It has been largely discussed and shown that one of the most promising manufacturing 
technologies is the AM process, and it is finally coming to prominence. By nature, it relies on the addition of one or 
more materials, in a layer-by-layer fashion; parts are “printed” directly from their CAD files, and with less material 
waste than that associated with conventional techniques. 
 
Metal AM processes can be distinguished based on their heat source (laser beam, electron beam, or electric arc), 
type of feedstock (powder or wire), and whether the feedstock is pre-placed or fed at the point of deposition. Each 
combination of those coincides effectively with an AM process available commercially. Each process, due to the 
physics associated with a heat-source-feedstock combination, is better suited for certain applications than others 
are. Powder-bed AM processes, for instance, can produce highly optimized net-shape engineering structures, but 
their cost is high and the maximum size limited. On the other hand, wire-based processes are capable of producing 
large engineering structures in a cheap and timely manner, however, their resolution is relatively low, and they 
most likely require a finish-machining pass. 
 
In order to be implemented extensively in a sector with such demanding regulations like the aerospace one, AM 
must be capable of proving process robustness, and repeatability of the mechanical properties that have been 
measured in the early trials. The properties of interest (tensile, fatigue, toughness, damage tolerance, etc.) have 
been met so far, albeit often after some sort of post-processing to recover defects such as porosity or lack-of-
fusion. The question now is how to achieve the same results, consistently, in an industrial environment. Moreover, 
the same results must be achieved on geometries that can look rather different, potentially on different AM 
machines, and with feedstock coming from different suppliers. Other processing steps include a stress-relieving 
heat-treatment, which comes as no surprise given the existence of residual stress due to the cyclical 
heating/cooling nature of the additive processing; or mechanical cold-work, both in-process and post-process, to 
relieve residual stress as well as improving parts’ microstructures and properties. 
 
Other key steps towards industrial implementation are the addition of metrology capabilities to AM systems and 
the production of standards. The former will eventually lead to closed-loop control systems, capable of making 
adjustments to process parameters, on the fly, to meet the aforementioned requirements of integrity. The latter 
will eventually lead to widely accepted procedures that will ensure comparable results, regardless of who has built 
the part, and where it has been produced. 
 
In order to better evaluate the introduction of AM technologies into a manufacturing system, the opportunities 
deriving from them should be analyzed carefully. It has been mentioned and discussed that AM allows producing 
more complex geometries, thus changing the design philosophy towards better optimization, better performances, 
with special features creating new utilization possibilities. Nonetheless, the impact on supply chain costs and spare 
parts market could be negative in case of high parts integration, a topic that would need further research.  
 
Concerning production costs, it can be concluded that DED processes show combined advantages of rapid 
deposition and machining. For parts with high BTF ratios, these processes are extremely valuable for large 
components with simple geometries where material cost is a key indicator. On the other hand, PBF processes are 
extremely interesting for aviation for their capability of making difficult and optimized designs, saving weight on 
both primary and secondary elements. This was demonstrated to have a greater effect on the service life of 
aircraft, generating fuel economies as well as lower gas emissions for the benefit of the collectivity. It seems that 
the opportunities deriving from AM go far beyond the pure manufacturing efficiency, and they could affect 
positively the entire product life-cycle, the supply chains and the environment for the long-term.  
 
Overall, AM technology is still not mature and needs more development to reduce the material and machine costs, 
generate faster and more accurate printing methods and work autonomously. The future of AM in the aerospace 
industry considerably depends on innovation in AM technologies and methods, advances in materials, and even 
equipping the existing manufacturing systems. In particular, it will be beyond the production of only monolithic 
products. In fact, the technology will be developed and provide more opportunities for users by the application of 
advanced materials, smart structures, and functionally graded materials (FGM). However, there would be many 
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